Zusammenfassung
Summary
Positron emission tomography (PET) using the glucose analogue F-18 fluorodeoxyglucose (FDG) enables the visualisation of increased glucose metabolism in cancer. Whole-body FDG-PET can be used for staging patients with breast cancer to identify metastatic disease. The metabolic information from FDG-PET is more sensitive than conventional structural imaging for the detection of loco-regional and distant metastases. FDG-PET is superior in detecting tumour-involved lymph nodes, particularly those which are normal in size radiologically and is superior in characterising enlarged lymph nodes as positive or negative. The overall sensitivity for bone scintigraphy and FDG-PET have been reported as comparable, but bone scintigraphy seems to be superior in the detection of osteoblastic disease and FDG-PET in osteolytic metastases, suggesting a complementary role for both imaging procedures. Due to its ability to more accurately stage patients with locally advanced breast cancer, FDG-PET may have a significant impact on patient management especially in combination with computed tomography (CT). Combined FDG-PET/CT provides both metabolic information from FDG-PET and the anatomical information from CT. FDG-PET/CT could potentially replace currently used imaging modalities and consolidate the diagnostic work-up of breast cancer patients with locally advanced or suspected locally recurrent or metastatic disease.
Positron Emission Tomography
Positron emission tomography (PET) is a functional imaging technology which enables the visualisation, characterisation and quantification of biological processes in vivo. By using positron emitting radiotracers, PET provides unique information about the molecular and metabolic changes associated with disease (molecular imaging). PET measures the distribution of radiotracers in the body and converts the data into cross-sectional images. Dedicated PET scanners have been developed and refined over the past 2 decades which now enable rapid, reliable and reproducible imaging in humans. PET is highly sensitive, with the capacity to detect subnanomolar concentrations of radiotracer, and provides superior image resolution to conventional gamma camera imaging. The accomplishments of PET in oncology can be primarily attributed to the fact that depending on the radiolabelled tracer used, PET can visualise various biological processes in tumours, such as glucose metabolism, cell proliferation, perfusion and hypoxia. Glucose metabolism is often increased in malignant tumours resulting in increased cellular uptake of the glucose analogue F-18 fluorodeoxyglucose (FDG) ( fig. 1 ). Imaging the metabolic activity of tumours provides both more sensitive and specific information about the extent of disease compared with anatomical imaging alone [1] . FDG-PET has become a standard imaging procedure for staging many types of cancer and, in the USA, insurance coverage currently includes head and neck, thyroid, lung, breast, oesophageal and colorectal cancers, lymphoma, melanoma and solitary pulmonary nodules. In February 2006, the Centers for Medicare and Medicaid Services (CMS) announced that it would provide coverage for use of FDG-PET in essentially all other cancers in accordance with its 'coverage with evidence development' program. Combined PET and computed tomography (PET/CT) is a new imaging technology which has recently become available. Combined PET/CT devices acquire PET and CT images that are concurrent and co-registered, merging the functional information from PET with the anatomical information from CT [2] . An important limitation of FDG-PET alone is the precise localisation of abnormalities due to the lack of reliable anatomical landmarks and the limited spatial resolution of current PET scanner technologies. PET/CT is unique because it provides tissue characterisation as well as assessment of the exact localisation and the extent of tumour tissue. The use of FDG-PET/CT has been shown to improve the diagnostic accuracy compared to either imaging procedure alone by localising areas of increased FDG uptake with improved anatomic specificity and by providing better characterisation of suspicious morphological abnormalities [3] (figs. 2, 3).
FDG-PET Procedures and Image Analysis
To ensure a standardised metabolic state, especially low plasma glucose and insulin levels, it is necessary that patients for oncologic PET imaging have fasted for at least 4-6 h prior to administration of FDG. The blood glucose level should be tested prior to tracer injection and should not exceed 8.5 mmol/l (150 mg/100 ml) [4] . Most FDG is taken up by tissue within 1 h after tracer injection, and PET data acquisition is initiated after approximately 60 min. Some studies found increasing target-to-background ratios over time suggesting benefits to longer waiting periods between tracer injection and data acquisition [5] . However, lower image quality, due to radionuclide decay, has to be taken into account. Correction for photon attenuation is required for quantification of tissue tracer uptake, which can be obtained by using radioactive sources which are rotating around the patient or by co-registered CT data. Calculating standardised uptake values (SUVs) by normalisation of tissue FDG uptake to injected activity and body weight is the most common method for tumour quantification [6] . Quantification of tumour tracer uptake allows for comparison between PET studies performed in the same patient at different times but also among different patients. Although SUVs have been shown to be important for monitoring treatment effects, visual image analysis is generally sufficient for staging and re-staging purposes. Visual PET interpretation should include analysis of transaxial, coronal and sagittal views. Cancer typically presents with focally increased FDG uptake, whereas most benign tumours are negative in FDG-PET. Increased FDG uptake or retention is found within the brain cortex, the myocardium and the urinary tract. Low to moderate uptake is often seen in the base of the tongue, the salivary glands, thyroid, liver, spleen, gastrointestinal tract, bone marrow, musculature and reproductive organs. There are inherent limitations of FDG-PET that can result in an increase of false-negative as well as falsepositive findings. The most common normal cause of misinterpretation is related to muscle activity. Muscle tension may lead to increased FDG uptake and physical activity immediately before or after tracer injection can lead to spurious muscle activity. False-positive findings are most commonly associated with uptake of FDG in infectious or inflammatory tissue. In different situations FDG-PET can actually be helpful in imaging infections by visualising the increased metabolic activity of activated granulocytes and mononuclear cells. Another cause of false-positive results is related to treatment. FDG uptake can be seen in tissue after radiation therapy and it is therefore recommended to wait at least 8 weeks after external beam radiation to evaluate the irradiated area for residual disease [7] . For chemotherapy, a waiting period of at least 4 weeks after the last cycle is recommended to avoid falsenegative PET results due to metabolic stunning of tumour tissue [8] . In addition, the bone marrow frequently exhibits increased metabolic activity following chemotherapy, which makes it more difficult to identify bone metastases. False-positive findings can occur in benign conditions such as Paget's and Graves' disease, thyroid, adrenal and villous adenomas, healing fractures, and a few benign tumours. Other pitfalls include increased FDG uptake in normal ovaries, e.g. during ovulation, as well as normal physiologic activity in bowel, endometrium, and blood vessels and focal retained activity in ureters, bladder diverticula and pelvic kidneys [9] . Wholebody imaging can be improved by intravenous injection of furosemide (20-40 mg) to reduce tracer retention in the urinary system and by n-butyl-scopolamine (20-40 mg) to reduce FDG uptake in the bowel [10] . Weaknesses of FDG-PET for cancer imaging include its limited spatial resolution of 4-8 mm currently achievable in commercial systems. It is important to note that a negative FDG-PET scan cannot exclude the presence of small tumour deposits or microscopic tissue involvement.
FDG-PET for Staging/Assessment of Metastatic Disease
Distant metastases of breast cancer are frequently found in lymph nodes, lungs, liver and bones. Therefore, chest X-ray and abdominal ultrasound and/or CT scans, and bone scintigraphy are routinely performed both for initial staging and assessment of locally recurrent or metastatic disease. Additionally magnetic resonance imaging (MRI) can be used for further evaluation of suspicious findings. Most data using FDG-PET comes from the assessment of patients with suspected recurrent and/or metastatic disease compared to conventional imaging [11] [12] [13] [14] [15] [16] [17] . Although some studies have included follow up of asymptomatic patients [15, 17] . A recent meta-analysis on the diagnostic performance of FDG-PET in this setting from Isasi and colleagues [18] 18 articles published from January 1995 to June 2004. Among the studies with patient-based data, the median sensitivity was 92.7%, and the median specificity was 81.6%. The pooled sensitivity was 90% and the pooled false-positive rate was 11% after the exclusion of outliers. The maximum joint sensitivity and specificity was 88%. This led the authors to conclude that FDG-PET was a valuable tool in the management of these patients. Indeed in a number of studies using FDG-PET to assess metastatic disease, treatment of the patient has been altered as a consequence [16] . 125 patients were assessed with both FDG-PET and conventional imaging. FDG-PET findings were confirmed by histopathology or follow-up imaging, and the reviewers were blinded to outcome. FDG-PET increased the extent of disease in 54 (43%) patients, and decreased the extent of disease in 30 (24%) of 125 patients. As a result, the therapeutic plan was altered in 40 (32%) patients, and supported the therapeutic plan in 34 (27%) patients. It was unchanged in the remaining 51 (41%) patients. There are much less data using FDG-PET as part of the initial diagnostic work-up to assess the presence of metastatic disease. However, the data again suggest its superiority to conventional imaging. FDG-PET was performed if chest X-ray, bone scan, liver ultrasound or CT did not reveal distant metastases in patients with locally advanced disease planned for neoadjuvant chemotherapy [19] . Among the 48 patients evaluated with FDG-PET, 14 had abnormal FDG uptake, and metastases were suspected in 12 patients. Further assessment was done, either with further imaging or biopsy where feasible, and 4 sites were confirmed to be metastases, which led to a change in management, with 10 sites remaining abnormal. Thus, while useful, the authors recommended that abnormal FDG-PET findings should be confirmed to prevent patients from being denied appropriate treatment. However, equally the upstaging of 8% of patients did mean that those patients were spared unnecessary aggressive treatment which would not alter their overall prognosis. Another study examined the role of FDG-PET in determining the extent of disease in high-risk, operable breast cancer compared with CT and bone scintigraphy in 80 patients [20] . Imaging findings were verified by biopsy or long-term follow-up. 10 patients had distant metastases seen on both conventional imaging and FDG-PET, and 4 patients had additional metastases on FDG-PET, an upstaging of 5%. Importantly, the specificity was significantly higher for FDG-PET compared to CT and bone scintigraphy, thus, suggesting that this may be a valuable modality to add to the staging investigations in highrisk operable patients. A specific clinical scenario where FDG-PET has been evaluated is in the diagnosis of brachial plexopathy which is difficult to assess on conventional anatomical imaging. FDG-PET and MRI were performed in 10 patients with clinical findings suggestive of breast cancer metastases [21] . Out of 9 patients who had loco-regional metastases, MRI was positive in 5 patients and indeterminate in 4 patients, whereas FDG-PET was positive in all patients. Similar results were found by Ahmad et al. [22] in 19 breast cancer patients with symptoms referable to the brachial plexus. These studies suggest that MR or CT imaging and FDG-PET are complementary in detecting and characterising brachial plexopathy, especially if other imaging studies are normal. FDG-PET may be particularly useful in distinguishing between radiation-induced and metastatic plexopathy.
FDG-PET/CT in Staging and Assessment of Metastatic Disease
There is even more limited data regarding the use of FDG-PET/CT for the evaluation of patients with breast cancer [23, 24] . In a retrospective review of 75 patients, FDG-PET/CT was compared with FDG-PET and CT [24] . In the case of discordant findings, comparison with histological or follow-up results was made. FDG-PET/CT added incremental diagnostic confidence to FDG-PET in more than 50% of patients with increased FDG uptake. FDG-PET/CT also detected more regions with tumour recurrence than CT. Another study also comparing FDG-PET/CT utilising a low-dose CT with a contrast enhanced CT of selected body regions, both performed on the same day showed an improvement in FDG-PET/CT compared to CT alone [25] . 49 patients underwent 70 imaging procedures; 17 for initial staging and 53 for restaging. 210 out of 257 lesions were concordant between PET/CT and the contrast enhanced CT; 47 were discordant and verified by either biopsy (n = 35) or follow-up. FDG-PET/CT correctly identified 25 true-positive lesions and incorrectly found 2 false-positive lesions, while contrast enhanced CT incorrectly identified 18 false-positive lesions. The sensitivity, specificity and accuracy for FDG-PET/CT were 97.8, 93.5 and 97.3%, and for contrast enhanced CT 87.6, 42 and 82.1%, respectively. A study examining 46 consecutive breast cancer patients with elevated serum tumour markers during follow-up found tumour recurrences in 30 [26] . 31 patients had abnormal FDG-PET/CT studies with an overall sensitivity, specificity and accuracy of 90, 71 and 83%, respectively. In 37 patients, FDG-PET/CT was compared with contrast-enhanced CT and provided a higher sensitivity (85 vs. 70%), specificity (76 vs. 47%) and accuracy (81 vs. 59%). Overall, FDG-PET/CT had an impact on management in 51% of patients. This included commencing chemotherapy or radiotherapy. However, another study found that FDG-PET/CT only marginally improved the accuracy over FDG-PET alone in breast cancer patients [27] . FDG-PET staged 79.3% (46/58) of the patients correctly, overstaged 7 (12.1%), and understaged 5 patients (8.6%). Integrated FDG-PET/CT staged 89.7% (52/58) of the patients correctly, overstaged 4 (6.9%), and understaged 2 patients (3.4%). Thus, the staging accuracy of FDG-PET/CT was not significantly better than that of FDG-PET alone. Lesions exhibiting mild hypermetabolic activity, benign inflammatory lesions and physiological variants largely explained the incorrect FDG-PET findings.
FDG-PET and PET/CT for Detection of Bone Metastases
The skeleton is a common site for distant metastases in breast cancer. Bone scintigraphy is used for screening of bony metastases and allows the extent of disease to be determined. However, tracer uptake in bone scintigraphy reflects osteoblastic activity and is therefore limited in the detection of osteolytic lesions and metastases confined to the marrow cavity. Studies using FDG-PET compared to bone scintigraphy have found FDG-PET better at detecting osteolytic lesions, whereas bone scintigraphy is better for osteoblastic lesions [28] [29] [30] [31] . These studies have shown sensitivity, specificity and accuracy of FDG-PET to be 77. [29] . It would therefore appear that FDG-PET and bone scintigraphy should be used in a complementary manner in detecting bony metastases in breast cancer. A distinct advantage of FDG-PET is the ability to assess tumour viability following previous treatments. Bony metastases are particularly difficult to evaluate since radiological appearances often persist despite successful treatment. FDG-PET/CT might be advantageous in this situation as it allows definition of the metabolic activity of lesions seen on CT. A recent study followed 146 bone metastases in 25 patients with recurrent breast cancer identified by FDG-PET/CT [32] . The majority of the osteolytic (93.5%) and mixed-pattern lesions (81.8%), but fewer of the osteoblastic lesions (61%), showed increased FDG uptake. After treatment, 58 osteolytic lesions (80.5%) became FDG-negative and osteoblastic on CT with only 14 relatively large lesions (19.5%) remaining FDG-avid. Of the 25 FDG-avid osteoblastic lesions, 13 (52%) became FDG-negative, but 12 (48%) remained FDG-avid and increased in size on CT. 5 of the mixed-pattern lesions remained FDG-avid after treatment. All 17 CT-negative lesions became FDG-negative; however, 9 of them became osteoblastic. None of the initially FDG-negative lesions showed FDG avidity during follow-up. From this study it is likely that FDG uptake reflects the immediate tumour activity of bone metastases, whereas the radiographic morphology changes vary greatly with time among patients. Thus, FDG-PET/CT maybe very useful in monitoring treatment response in bones especially in the context of clinical trials and for those patients with boneonly metastatic disease.
Conclusion
A distinct advantage of FDG-PET in patients with breast cancer is the ability to provide accurate diagnostic information as a whole-body imaging modality. In general, the metabolic information from FDG-PET is more sensitive than conventional imaging for the detection of distant metastases. Although still used in many centres, plain chest X-ray is insufficient for detection of early lung metastases compared to FDG-PET, CT or combined FDG-PET/CT. Bone scintigraphy is a sensitive test to detect bone metastases but it lacks specificity and frequently abnormal findings require further imaging studies. Although the overall sensitivity for bone scintigraphy and FDG-PET are reported as comparable, bone scintigraphy seems to be superior in the detection of osteoblastic disease whereas FDG-PET is superior for osteolytic metastases, suggesting a complementary role for both imaging procedures. Although the overall diagnostic performance of CT and FDG-PET are similar, these imaging modalities also appear to be complementary. FDG-PET is superior in detecting tumour-involved lymph nodes, particularly those which are normal in size radiologically and is superior in characterising enlarged lymph nodes as positive or negative. CT is clearly superior in detecting small lung metastases with a size of a few millimetres. For larger lung masses, the metabolic information from FDG-PET provides superior specificity, enabling a more accurate characterisation. The diagnostic accuracy of FDG-PET and CT for liver metastases is similar but the results are often complementary as FDG-PET provides a higher specificity. There would therefore seem to be a potential role for FDG-PET/CT in specific clinical scenarios, which are worth investigating further. Firstly, for the staging of women who present with locally advanced breast cancer. If more accurate staging of these women was possible, it would spare those women who already have metastatic disease from unnecessarily aggressive treatment. Furthermore, it would be very useful to be able to separate out in clinical trials those women that are stage III from those that actually have metastatic disease. Secondly, for the staging of high risk operative breast cancer patients, especially for the identification of lesions of uncertain significance. However, for both these clinical settings FDG-PET/CT does require further evaluation in the context of clinical trials. Thirdly, in the management of brachial plexopathy when trying to establish the cause. Combined FDG-PET/CT is a promising approach providing both the metabolic information from FDG-PET and the anatomical information from CT. It could potentially replace various currently used imaging modalities and consolidate the diagnostic workup of breast cancer patients with early-stage high-risk operable disease, locally advanced disease and suspected recurrent or metastatic disease. However, further studies are needed to clarify the role of FDG-PET/CT before it can be introduced routinely.
